Abstract Aims/hypothesis: Raised N-terminal pro-brain natriuretic peptide (NT-proBNP) is independently associated with an increased risk of death in chronic heart failure and acute coronary syndromes in nondiabetic populations. Diabetic nephropathy is characterised by an increased risk of cardiovascular morbidity and mortality. This study investigated the prognostic value of NT-proBNP in a large cohort of type 1 diabetic patients with and without diabetic nephropathy. Methods: In a prospective observational follow-up study, 198 type 1 diabetic patients with overt diabetic nephropathy (122 men, age [mean±SD] 41±10 years, duration of diabetes 28±8 years, GFR 74±33 ml min −1 ) and a matched control group of 188 patients with longstanding type 1 diabetes and persistent normoalbuminuria (114 men, age 43±10 years, duration of diabetes 27±9 years) were followed for 9.3 (0.0-9.5) years. Plasma NTproBNP concentration was determined by immunoassay at baseline. Results: In patients with diabetic nephropathy, plasma NT-proBNP concentration was elevated to (median [range]) 110 (5-79640) ng l −1 vs. 27 (5-455) ng l −1 in normoalbuminuric patients (p<0.0001). Among patients with nephropathy, 39 (39%) patients with plasma NTproBNP concentrations above the median and 12 (12%) with values below the median died from any cause (unadjusted hazard ratio 3.86 [95% CI 2.02-7.37], p<0.0001; covariate-adjusted hazard ratio 2.28 [1.04-4.99], p=0.04). This lower mortality rate was attributable to fewer cardiovascular deaths: 31 (31%) and 7 (7%) above and below the median NT-proBNP level respectively (unadjusted hazard ratio 5.25 [2.31-11.92], p<0.0001; covariate-adjusted hazard ratio 3.81 [1.46-9.94], p=0.006). Conclusions/interpretation: Elevated circulating NT-proBNP is a new independent predictor of the excess overall and cardiovascular mortality in diabetic nephropathy patients without symptoms of heart failure.
Introduction
The increased mortality seen in type 1 diabetes is predominantly caused by the extremely poor prognosis in patients with nephropathy [1, 2] . Diabetic nephropathy is a clinical syndrome characterised by persistent albuminuria, a relentless decline in glomerular filtration rate, raised arterial blood pressure, and a 37-times-higher relative mortality from cardiovascular disease, which cannot be explained by abnormalities in well-known cardiovascular risk factors alone [1] [2] [3] .
Natriuretic peptides possess natriuretic, diuretic and vasodilatory properties. Furthermore, brain natriuretic peptide (BNP) blocks cardiac sympathetic nervous system activity, inhibits the renin-angiotensin-aldosterone axis, and has relaxing effects on the myocardium [4] . BNP is synthesised as a precursor protein and constitutively released predominantly in response to increased myocyte stretch in the Per Hildebrandt has received an honorarium and served as consultant in a scientific advisory board for Roche. ventricular wall as the active hormone BNP and the Nterminal fragment (NT-proBNP) [4] .
Both BNP and NT-proBNP have been shown to aid the diagnosis of heart failure and to correlate with functional status in patients with congestive heart failure [5, 6] . Levels of BNP and NT-proBNP also correlate with left ventricular dilatation, remodelling and dysfunction [7] . In addition, several studies have demonstrated a robust association between BNP and NT-proBNP and both short-and long-term risk of death in chronic heart failure [8] and acute coronary syndromes in nondiabetic populations [9] .
NT-proBNP also has a putative role in risk stratification in diabetic patients, and therefore our prospective study investigated the prognostic value of NT-proBNP to assess risk of death and cardiovascular death in a large cohort of type 1 diabetic patients with and without diabetic nephropathy. Furthermore, the relation between NT-proBNP and diabetic microvascular and macrovascular complications was evaluated.
Subjects and methods
During 1993, all type 1 diabetic patients with diabetic nephropathy (n=242) attending the outpatient clinic at Steno Diabetes Center, in whom glomerular filtration rate had been measured during the same year, were invited to participate in a case-control study [10, 11] . A total of 199 patients fulfilling the clinical criteria for diabetic nephropathy (persistent macroalbuminuria [>300 mg 24 h ] in at least two out of three consecutive 24-h urine collections, in the presence of diabetic retinopathy and the absence of other kidney or urinary tract disease [12] ) were recruited. A group of 192 patients with long-lasting type 1 diabetes and persistent normoalbuminuria served as controls. Plasma NT-proBNP was measured in 198 patients with nephropathy and in 188 patients with normoalbuminuria. None of the included patients were diagnosed with heart failure at baseline, although dyspnoea was not a specific exclusion criteria.
In a prospective observational study design the patients were followed up until 1 February 2003 or until death (n=62) or emigration (n=3). The study was approved by the local ethics committee, in accordance with the Helsinki Declaration, and all patients gave their informed written consent.
Baseline clinical and laboratory investigations Investigations were performed in the morning after an overnight fast. No antihypertensive medication was ever prescribed in 24% of patients with nephropathy and 88% of the normoalbuminuric patients. All of the remaining patients were asked to stop their antihypertensive and diuretic treatment 8 days before the examination. Not all patients, however, wanted to do so and thus 34% and 4% of patients in the nephropathy and normoalbuminuria groups respectively had taken antihypertensive medication on the day of examination.
Arterial blood pressure was measured twice with an appropriate cuff size following at least 10 min rest in the supine position. Urinary albumin concentration was measured by an enzyme immunoassay [13] from 24-h urine collections. Serum creatinine concentration was assessed by a kinetic Jaffé method. Glomerular filtration rate was measured in patients with diabetic nephropathy after a single injection of 3.7 MBq Cr-EDTA by determination of radioactivity in venous blood samples taken 180, 200, 220 and 240 min after the injection [14] . In normoalbuminuric patients glomerular filtration rate was estimated by the Modification of Diet in Renal Disease equation [15] . Diabetic retinopathy was assessed in all patients by fundus photography after papillary dilatation and graded as nil, simplex or proliferative retinopathy. Patients were interviewed using the WHO cardiovascular questionnaire. Major cardiovascular events were diagnosed as a history of stroke and/or myocardial infarction. A 12-lead resting ECG was recorded, and left ventricular hypertrophy diagnosed, by Sokolow-Lyon voltage criteria. Smoking was defined as persons smoking one or more cigarettes/ cigars/pipes a day; all others were classified as nonsmokers.
Measurement of NT-proBNP After the patients had been at rest for at least 20 min in the supine position, blood samples for determination of NT-proBNP were collected, centrifuged and plasma stored at −80°C until analysis. Plasma concentrations of NT-proBNP were measured by a sandwich immunoassay on an Elecsys 2010 (Roche Diagnostics, Basel, Switzerland). The intra-assay variation is below 3.0% and the total coefficient of variation ranges from 2.2% to 5.8% in low and high ranges of NT-proBNP.
Follow-up All patients were traced through the national register during summer 2003. If a patient had died before 1 February 2003 the date of death was recorded and information on the cause of death was obtained from the death certificate. All death certificates were reviewed independently by two observers and the primary cause of death was recorded. Additional available information from necropsy reports was included. All deaths were classified as cardiovascular deaths unless an unequivocal noncardiovascular cause was established [16] .
Statistical analysis Normally distributed variables are given as means±SD, whereas non-normally distributed variables were log transformed and given as medians (range). Comparisons between groups were performed by an unpaired Student's t test or ANOVA. A chi-square was used to compare noncontinuous variables. Analyses of the relation at baseline between NT-proBNP and presence/ absence of nephropathy or major cardiovascular disease were adjusted for sex, age, systolic blood pressure and glomerular filtration rate. A two-tailed p value of 0.05 or less was considered statistically significant.
All time-to-death variables were analysed using a log rank test and displayed on Kaplan-Meier plots according to presence of nephropathy or NT-proBNP levels being above or below the median value. A Cox proportional hazards regression model with backwards selection was used to evaluate the relative contributions of covariates to mortality, correcting for duration of follow-up. In patients with nephropathy, covariate-adjusted Cox regression models were fitted with the following pre-specified baseline covariates: sex, age, glomerular filtration rate, smoking, history of major cardiovascular disease, ongoing antihypertensive medication at time of blood sampling, and log 10 NT-proBNP or NT-proBNP above respective below-themedian value (110 ng l
−1
). Further adjustments were not performed to avoid overfitting of the model. Results are given as hazard ratios with 95% confidence intervals without or with adjustment for other factors that might affect prognosis.
All calculations were performed using a commercially available program (SPSS for Windows, version 10.0).
Results
Type 1 diabetic patients with and without diabetic nephropathy were closely matched with respect to sex, age and duration of diabetes. As compared with patients with normoalbuminuria, patients with diabetic nephropathy had elevated blood pressure, raised HbA 1 c, increased serum cholesterol, and a lower glomerular filtration rate (p<0.0001). On average, glomerular filtration rate was well preserved in patients with diabetic nephropathy (Table 1) .
In patients with diabetic nephropathy, plasma NTproBNP concentration was elevated to 110 (5-79,640) ng l −1 (median [range]) vs. 27 (5-455) ng l −1 in normoalbuminuric patients (p<0.0001). This difference persisted after adjustment for differences in glomerular filtration rate and other covariates (p<0.0001). NT-proBNP concentration was elevated early in diabetic nephropathy (40 111] ng l −1 ) when glomerular filtration rate was still within the normal range (>100 ml min −1 ). In the nephropathy group, plasma concentration of NTproBNP did not differ significantly between type 1 diabetic men and women (p=0.28), but increased with age (r=0.42, p<0.0001) and systolic blood pressure (r=0.53, p<0.0001), and decreased with glomerular filtration rate (r=−0.60, p<0.0001) and haemoglobin (r=−0.52, p<0.0001). No correlations between NT-proBNP and blood glucose, HbA 1 c or serum cholesterol were observed, and no association between diabetic retinopathy and NT-proBNP was found. Among patients with diabetic nephropathy, circulating NT-proBNP concentrations were higher in patients taking antihypertensive medication at the time of sampling. This difference, however, disappeared after adjustment for glomerular filtration rate.
A weak inverse correlation between estimated glomerular filtration rate (median 94 ml min −1 [range 45-170]) and plasma NT-proBNP (r=−0.22, p=0.002) was demonstrated in patients with normoalbuminuria.
The prevalence of major cardiovascular events differed between patients with and without diabetic nephropathy (11% [95% CI [8] [9] [10] [11] [12] [13] [14] and 2% [0-4], respectively, p<0.0001). In patients with nephropathy, plasma NTproBNP at baseline was significantly elevated in patients with a history of nonfatal myocardial infarction and/or stroke (671 [34-12,418] ng l −1 , p<0.0001) as compared with patients without a history of major cardiovascular disease (97 640 ] ng l −1 ). After adjusting for possible confounders, a ten-fold increase in NT-proBNP conferred an increase in odds ratio of a major cardiovascular event of 3.1 (95% CI 1.2-7.8, p=0.02). Figure 1 shows Kaplan-Meier curves for overall mortality in patients with and without diabetic nephropathy. During follow-up 51 (26%) patients with and 11 (6%) patients without nephropathy died (p<0.0001). Due to the low number of events in the normoalbuminuric group, further analyses are restricted to patients with nephropathy.
Significant baseline predictors of all-cause and cardiovascular mortality were plasma NT-proBNP, smoking, antihypertensive medication, systolic blood pressure and serum cholesterol (Table 2) . Within the nephropathy group the median value of plasma NT-proBNP was 110 ng l −1 (Table 3) , and 39 (39%) of patients with values above this value as well as 12 (12%) of patients with values below this value died from any cause. The unadjusted hazard ratio was 3.86 (95% CI 2.02-7.37, p<0.0001) and the covariate-adjusted hazard ratio was 2.28 (1.04-4.99, p=0.04; Fig. 2 ). This lower mortality was attributable to fewer cardiovascular deaths: 31 (31%) and 7 (7%) above and below the median NT-proBNP level respectively (unadjusted hazard ratio 5.25 [2.31-11.92], p<0.0001; covariate-adjusted hazard ratio 3.81 [1.46-9.94], p=0.006; Fig. 3 ). The effect of plasma NT-proBNP on all-cause and cardiovascular mortality remained significant after adjustment for differences in glomerular filtration rate. Furthermore, the interaction between NT-proBNP and glomerular filtration rate was not significant, thus indicating that the effect of NT-proBNP concentration on mortality and cardiovascular mortality is not dependent on the level of glomerular filtration rate. After exclusion of 24 patients on renal replacement therapy and patients who had a measurement of serum creatinine above 500 μmol l −1 before death, NT-proBNP was still a significant predictor of all-cause and cardiovascular mortality (data not shown). Adjustment for serum cholesterol and systolic blood pressure did not alter hazard ratios substantially and results remained significant. Based on resting electrocardiograms, left ventricular hypertrophy was diagnosed in 12 patients with diabetic nephropathy (6%). The effect of NT-proBNP above 110 ng l −1 persisted in patients without ECG signs of left ventricular hypertrophy (adjusted hazard ratio 2.18 [1.00-4.78], p=0.05 and 3.54 [1.36-9.25], p=0.01 for overall and cardiovascular mortality, respectively).
The overall (log rank test, p=0.06) and cardiovascular (p=0.07) mortality in patients with nephropathy and a plasma NT-proBNP level below 110 ng l −1 were not statistically different from the normoalbuminuric group (Figs. 2 and 3) .
By applying the cut-off of 125 ng l −1 NT-proBNP recommended in the USA, covariate-adjusted hazard ratios for all-cause and cardiovascular mortality were only slightly changed: 2.68 (1.24-5.79, p=0.01) and 4.09 (1.61-10.41, p=0.003) respectively.
Cox regression analyses including NT-proBNP concentration as a continuous variable revealed an unadjusted hazard ratio for all-cause mortality for each ten-fold increase in NT-proBNP of 3.39 (2.38-4.82, p<0.0001); covariate-adjusted hazard ratio 2.67 (1.62-4.42, p<0.0001). Accordingly for cardiovascular mortality, the unadjusted hazard ratio for each ten-fold increase in NT-proBNP was 3.58 (2.40-5.36, p<0.0001); covariate-adjusted hazard ratio 3.32 (1.90-5.81, p<0.0001).
Discussion
Our 9-year prospective observational follow-up study revealed plasma NT-proBNP concentration to be a novel strong and independent risk marker for all-cause and cardiovascular mortality in type 1 diabetic patients with overt diabetic nephropathy without dyspnoea or other Not included in the final model were sex, age, history of major cardiovascular event, and glomerular filtration rate symptoms of heart failure. The predictive value persisted after adjustment for kidney function and conventional cardiovascular risk factors including left ventricular hypertrophy. Type 1 nephropathic patients with an NTproBNP level below the median value of 110 ng l −1 had a survival rate comparable to that of type 1 diabetic patients with long-standing normoalbuminuria. The prognosis for patients with diabetic nephropathy has improved during the last decade in comparison with the results of previous studies [1, 17, 18] .
BNP is synthesised predominantly in the ventricular wall in response to increased myocyte stretch following volume expansion, pressure overload or increased cardiac chamber wall stress.
Although the present study of patients without symptoms of heart failure was not designed to study possible biological mechanisms for increased BNP levels, other ). Log rank test, p<0.0001. For comparison, the curve for normoalbuminuric patients is shown by a thin line ). Log rank test, p<0.0001. For comparison, the curve for normoalbuminuric patients is shown by a thin line studies have shown fluid retention to occur frequently and early in the course of diabetic kidney disease [12] . In addition, blood pressures are elevated early in type 1 diabetic patients with elevated urinary albumin excretion (microalbuminuria) [12] , and the prevalence of hypertension (JNC-V criteria ≥140/90 mm Hg) increases with albuminuria, being 42%, 52% and 79% in subjects with normo-, micro-and macroalbuminuria respectively [19] . NT-proBNP has been shown to be elevated in patients with hypertension and moderate left ventricular hypertrophy despite preserved global systolic function, presumably due to subclinical left ventricular dysfunction [20] . Furthermore, plasma BNP levels correlate with left ventricular systolic and diastolic dysfunction and left ventricular hypertrophy, all of which are more prevalent in the presence of diabetes and particularly in the presence of diabetic nephropathy [21] . Recently, associations between plasma BNP and ventricular dysfunction were reported from cross-sectional studies of mixed populations of type 1 and type 2 diabetic patients with and without symptoms of congestive heart failure [22, 23] . However, the diagnostic role of BNP in diabetic heart disease needs further investigation, and no data are available on the impact on prognosis.
In nondiabetic populations, BNP levels have been shown to increase with reduced cardiac performance due to postexercise ischaemia, temporary coronary occlusion during coronary intervention or ongoing myocardial damage in non-ST segment elevation acute coronary syndromes [24] [25] [26] . This is presumably due to ischaemia-induced wall motion abnormalities and increased wall stress. Another possible explanation for the observed NT-proBNP in our study is therefore the presence of asymptomatic cardiac ischaemia, since cardiac autonomic neuropathy is a frequent complication in type 1 diabetic patients with nephropathy.
Finally, the possibility remains that genetic loci that regulate plasma BNP levels might play a role, as suggested by a recent observation from the Framingham study reporting that a substantial proportion of the variation in plasma natriuretic peptide levels was attributable to additive genetic effects [27] . Recently, cardiac BNP gene expression was reported to be increased and to improve by intervention with a breaker of advanced glycation endproducts in streptozotocin diabetic rats [28] .
The above-mentioned considerations regarding possible biological mechanisms involved in the rise in NT-proBNP in diabetic nephropathy in our study suggest a multifactorial origin compounded of haemodynamic and nonhaemodynamic risk factors.
First studied in nondiabetic populations as a diagnostic and prognostic marker in patients with congestive heart failure [4] , BNP was subsequently found to predict outcome in patients with hypertension [20] and a broad range of acute coronary syndromes, including patients without myocardial necrosis or evidence of heart failure [9, 25, 26] .
Furthermore, BNP was found to be a significant independent predictor of cardiac death in haemodialysis patients with and without diabetes [29] . In the present study, for the first time, NT-proBNP was shown to be a strong predictor of mortality and cardiovascular mortality in type 1 diabetic patients with early diabetic nephropathy.
That patients with diabetic nephropathy are at increased risk of cardiovascular death is well known; however, further risk stratification of this heterogeneous population without cardiac symptoms has so far not been possible based on conventional cardiovascular risk factors. A recent community-based study [30] found a single determination of BNP to provide additional prognostic information and suggested that BNP is elevated before the onset of clinical apparent cardiovascular disease in a predominantly (90%) nondiabetic population. In accordance and also based on one measurement, our study of type 1 diabetic patients suggests that in clinical practice, NT-proBNP could be useful for the identification of nephropathy patients with a hitherto unknown very high risk of death, who would benefit from even more aggressive management of established cardiovascular risk factors and referral for further cardiology follow-up.
Furthermore, NT-proBNP measurements might prove valuable for enrichment of diabetic patient populations in future intervention trials, including studies of cardioprotective treatment aiming to demonstrate that specific modification of this marker will translate into improved outcome, as suggested in patients with heart failure [31] and emergency patients with dyspnoea [32] . In addition, determination of plasma NT-proBNP concentration will enable the identification of type 1 diabetic patients with nephropathy with a relatively low 10-year mortality rate, a rate approaching the risk in diabetic patients with persistent normoalbuminuria. The value of such an approach, however, remains to be proven in clinical trials.
In conclusion, elevated circulating NT-proBNP is an independent predictor of the excess overall and cardiovascular mortality in diabetic nephropathy. The measurement of NT-proBNP adds prognostic information to available methods and thus could help to guide the management of type 1 diabetic patients with diabetic nephropathy.
